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Walker and Sivak (29) reviewed a set of plant attributes that respond to low Pi nutrition, which they term "the syndrome of Pi Response to low Pi nutrition may be somewhat variable among species, as levels of Pi that reduce A in sucroseaccumulating species may show little influence on starchaccumulating species (1 1, 29) . Formation of starch liberates Pi from reduced carbon, thereby making Pi available for other reactions. As Pi is itself a key metabolite, a component of every compound in the Calvin cycle, every metabolite in the sucrose synthesis pathway, and a key part of the adenylates and nucleotides, the maintenance of some minimal level of Pi in the cytosol is critical for maintenance of normal plant metabolism.
While much information has been gained by examining isolated chloroplasts bathed in varying amounts of Pi (15, 27, 29) , less is known regarding the response of intact plants to Pi stress. Under Pi deficiency, A may (6, 11, 12, 22) or may not be reduced (1 1), fluorescence may (6) or may not increase (1) , and sucrose may (13) or may not accumulate (12) . RuBP pool size decreased (6) and starch accumulated in a starch accumulator such as soybean (12, 13, 19) . In addition, the quantum efficiency of spinach leaves decreased (6) , but that of soybean leaves was not affected by low Pi nutrition (12) .
Due to the variability in these responses, further study is needed to better characterize intact plant responses to altered Pi nutrition.
One way to examine the response of intact leaves to low Pi is to examine A at varying PPFD and CQ. Pi stress is associated with increased oscillation in CO2 fixation capacity of chloroplasts and increased fluorescence of Chl at low light (27) , suggesting that low Pi limits A (29) and that quantum efficiency might be affected. The response of A at low light can help explain whole leaf response to low Pi nutrition. It has been reported that low Pi decreases the PPFD saturation point and A at PPFD saturation for soybean leaves (12) . The response of A to C, allows the partitioning of various limitations to A and permits the calculation of such parameters as carboxylation efficiency and the CO2 compensation point (10, 16) . This research was initiated to further examine the effects of Pi nutrition on carbon fixation and light response of photosynthesis of soybean leaves after preliminary observations that leaves of Pi-stressed soybean exhibited paraheliotropism rather than the normal diaheliotropic response of high Pi legumes including soybean. saturation was considered to be the PPFD needed for 95% of maximum A. Apparent quantum efficiency (i.e. on an incident PPFD basis) was estimated as the initial slope of the A versus PPFD relationship near the light compensation point.
Autoradiography
Autoradiograms of leaves of the 0.50 and 0.05 mM Pi treatments were developed to investigate for evidence of nonuniform stomatal opening. Leaf material of each treatment was allowed to equilibrate at 37 Pa CO2 in a cuvette illuminated with a T-3 series tungsten halogen lamp (Regent Lighting Corp., Burlington, NC) at a PPFD of 850 umol. m2 .s-' at the leaf surface. The radiation was filtered through 5 cm of water to reduce the heat load on the leaf during equilibration and measurement. After 20 min equilibration, '4CO2 was released into the sealed cuvette by acidification of ['4C]Na-HCO3 with 1 N HCI, and leaves were exposed for 1 min before purging cuvette air through soda lime. Air temperature during labelling was 27.6°C. Leaves of the 0.50 and 0.05 mM Pi treatments were exposed to 10 and 15 uCi '4CO2, respectively. After the cuvette was purged, the leaf was rapidly excised and placed between two 0.64 cm aluminum plates that had been prechilled in liquid N2. X-ray film was developed after being exposed to the samples for 6 d at -80°C.
Protein and Rubisco Assay
Leaf discs (1.62 (24) . The in vitro Rubisco activities were lower than the measured rates of intact leaf photosynthesis at high [CO2]; therefore, comparisons of Rubisco activity between treatments were made on the assumption that the reduction in activity was the same for both treatments. The same aliquot used for the assay of Rubisco activity was used for the determination of soluble protein (5) and Rubisco amount, which was measured by rocket immunoelectrophoresis (17) . Chl content was determined on a set of duplicate discs using the method of Wintermanns and DeMots (30) . Except where indicated, all chemicals were obtained from Sigma Chemical Company, St. Louis, MO. Regression lines were generated by computer fit to the raw data. Data were analyzed by analysis of variance.
RESULTS

Observation of Paraheliotropism
Leaves of plants grown on 0.50 mm Pi or 0.05 mM Pi were photographed to monitor their orientation throughout the day (Fig. 1) . Leaves of many plants exhibit diaheliotropism (9) (solar tracking), but on bright sunny days, leaves of lowPi soybeans assumed paraheliotropic (leaflet laminae parallel to incident radiation) positions. The leaves of the plants treated with 0.50 mm Pi were diaheliotropic throughout the day ( Fig. la-c) , following the arc of the sun through the sky. Leaves of the 0.05 mM Pi-treated plants were diaheliotropic both early and late in the day (Fig. 1, d and f), but exhibited paraheliotropic orientation at mid-day when subjected to PPFD levels exceeding about 1100 ,umol m-2. s-' (Fig. le) .
The paraheliotropic response of low Pi leaves was observed only on sunny days.
Response of A to Light
Because leaves of low-Pi soybeans showed light avoidance, a series of light response curves (A versus PPFD) of leaves constrained to be perpendicular to incident light were constructed for both treatments (Fig. 2) Response of A to [C,] To further evaluate carbon reduction characteristics under low Pi, a series of A versus Ci curves were generated on another set of plants (Fig. 3 (Table  II) . As plants of both treatments were dependent on fixed nitrogen for N, specific activity of Rubisco under the assay conditions should have been comparable unless the enzyme itselfwas affected by treatment. The measured specific activity of Rubisco decreased 33% when plants were grown with 0.05 mM Pi. Low Pi spinach also had lower Rubisco activity on an area basis, and the enzyme had a lower level of activation (6) . Chl content of the leaves decreased 1 % when soybeans were grown on 0.05 mM Pi rather than 0.50 mm Pi. Specific leaf weight of plants of the 0.50 mM Pi treatment was less than that of the 0.05 mm Pi treatment plants (2.97 versus 4.06 mg M cm-2), as has been been reported previously for low Pi soybeans (12) . Part of this increase may be due to accumulation of starch (12, 13, 19) .
Autoradiography
The validity of information derived from A versus C; relationships has recently been challenged by evidence of nonuniform stomatal closure (28) . The A versus C; analysis assumes that the leafis behaving in a generally uniform manner. Leaf tissue of the 0.50 and 0.05 mM Pi treatments were allowed to fix '4C02 for 1 min, then quickly frozen to prevent metabolite movement, and exposed to x-ray film. Nonuniform stomatal opening would appear as pale sectors bounded by vascular tissue. The autoradiograms showed no evidence of nonuniform stomatal opening in leaftissue of soybean that had been grown on 0.50 or 0.05 mM Pi (Fig. 4) . Therefore, the interpretation of the A versus Ci relationship data was not affected by nonuniform stomatal opening. DISCUSSION The low Pi-treated leaves appeared to be actively avoiding direct radiation during the period of maximum solar intensity (Fig. 1) . It is suggested from this pattern of leaf movement that under low Pi nutrition soybean leaves are unable to accommodate high radiation (9 responding at the organ level to the stress associated with low Pi and high light. A similar paraheliotropic response has been observed for waterstressed soybeans subjected to high light (4) .
When measured at 34 Pa CO2, growth of soybean on 0.05 mM Pi reduced A 51% and the point of light saturation 37% (Fig. 2) relative to growth on 0.50 mM Pi. Lower A at light saturation and a lower point of light saturation have been 
C02 EXCHANGE CHARACTERISTICS OF Pi-DEFICIENT SOYBEANS
reported for low Pi versus high Pi soybeans (12) and a starchless mutant ofArabidopsis (26) . Pi feeding to the Arabidopsis mutant increased both A and the point of light saturation. Although Fredeen et al. (12) detected no effect of low Pi on quantum efficiency in soybean, Brooks (6) found reduced quantum efficiency for low Pi spinach leaves, but detected no effect on spectral properties of leaves or Chl content. Chl content was reduced 11% in our study (Table II) , but this may not entirely account for the 40% decrease in apparent quantum efficiency or the 51% reduction in light-saturated photosynthesis at 34 Pa CO2. The suggestion that Pi limitation has a greater effect on the carbon reduction reactions than on the light reactions (1, 12, 26, 27) seems supported by the relatively greater reduction in A than in the light saturation point.
The A versus Ci relationships for the 0.50 and 0.05 mM Pi treatments were strikingly different (Fig. 3) (21) , while maize maintained a rather constant Ci of 9.5 Pa across a variety of nutritional treatments (31) . These low Ci values for soybean are consistent with the relatively low stomatal conductance, high photosynthetic rate, and the high carboxylation efficiency observed here (Table I) . If the metabolic machinery were capable of rapid photosynthesis, yet stomata were somewhat closed, as indicated by low stomatal conductance, C1 might well be drawn down to a lower level than for other C3 plants, as was observed in the high Pi treatment.
Reduced carboxylation efficiency may be the net result of direct effects oflow Pi nutrition on the amount and/or activity of Rubisco or on the rate at which Calvin cycle intermediates are regenerated. Some workers have found that phosphorylation of Rubisco may enhance its activity (18) , that Pi may enhance Rubisco activity (20) , or that metabolite pools decrease under Pi deficiency (6) . Under low Pi conditions, Pi may be more limiting for the regeneration of metabolites in the Calvin cycle than for the phosphorylation of enzymes. Insufficient regeneration of RuBP and reduced specific activity of Rubisco could lead to the observed reduction in photosynthesis and carboxylation efficiency. Rubisco content per area decreased 24% and Rubisco activity per area decreased 33%. Low Pi spinach also had lower Rubisco activity on an area basis and the enzyme had a lower level of activation (6) . The reduction in Rubisco content or specific activity was less than the decrease in A (65%) and the increase in the CO2 compensation point (71%) in response to low Pi. Although the change in A and CO2 compensation point need not be proportional to the change in Rubisco content or activity, the large deviation from proportionality suggests the involvement of additional factors, e.g, RuBP regeneration.
It is unclear if an increase in the CO2 compensation point is a general response to stress. The CO2 compensation point can increase with environmental conditions such as low N (14) , N source (25) , high leaf temperature (3), high 02 concentration, seasonal variation, and leaf age (3) . Whereas the increase in the CO2 compensation point was about 1.5 Pa for N-stressed barley (14), we observed an increase of 5.0 Pa for Pi-stressed soybean leaves, yet Pi-stressed spinach showed no shift in the compensation point (6) . The increase in the CO2 compensation point might in part explain the decreased A of the low Pi treatment: a greater amount of CO2 must be fixed just to compensate for the CO2 evolution.
The increase in the CO2 compensation point may suggest elevated respiration in the low Pi treatment. Elevated respiration may be due to increased photorespiration, increased dark respiration in the light, and/or increased activity of the alternate pathway. It is unlikely that photorespiration is elevated in relation to carbon fixation because this implies a decrease in enzyme specificity for CO2 relative to 02, for which there is little evidence; however, the observed change in the specific activity of Rubisco (Table II) raises this possibility. Pi is itself a substrate for mitochondrial respiration, so it seems unlikely that dark respiration would be stimulated in the low Pi tissue. However, the alternate pathway of respiration is active in soybean leaves (23) , and as it is largely nonphosphorylating, low Pi may have less effect upon its ability to operate.
Soybean responds to Pi stress with decreased A, a reduction in light saturation point, reduced A at light saturation, lower quantum efficiency, reduced carboxylation efficiency, and elevated CO2 compensation point. Decreased Chl and soluble protein concentration, decreased Rubisco, and reduced specific activity of remaining Rubisco account in part for the decrease in efficiency of the transfer of light energy into reduced carbon. As the magnitude of these changes is only about 50% of the decrease in A and less than 50% of the increase in the CO2 compensation point, further investigation of the adaptive response of leaf metabolism to low Pi conditions seems warranted. This report documents the paraheliotropic pattern of leaf movement and photosynthetic responses of CO2 assimilation under low Pi nutrition, but the cause of the large increase in the CO2 compensation point remains to be elucidated.
